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Tissue Engineering: Defining Regeneration

SALIVA
GLANDS
Prateins callad
aquaporing that
allow cells to
secrete water are
used to recreate

THE NEW ERA OF REGENERATIV DICINE

Dozens of bioteck componies and wiver-
sily babs e developing ways fo replace
ar reqenerale fudled hody parts. Here are
i few of e profects:

= BONE
Bane-growth factors or stem
cells are inserted into a porous
matenial cut 1o a specifie
shape, creating new jaws of
limbs. & product thal erealas
shinbones 15 in clinizal Lo

COMPANIES: Creative Bicmalecules, Qrgus
Sulzer Orthopedics Biologics, Genetics Insiil
Cairis Therapeutics, Regeneron.

SKIN
Organogenesis’ Apli
a human-skin equl
lent, is thu&jrhrstl_t
neered body pa
wim FDA& ap|i|
initially for
uleers, Other skins are ol
works for foob ulcers &
burns.

COMPANIES: Crganogens
Ad-vanced Tissue SCiences y
Intagra LifeSciences, LifeCell, Cfes International.

PANCREAS
Insulin-manufacturing calls are har-
vested from pigs, encapsulated in
membranas, and injected into the
abdomen. The method has been
tested in animals and could ba in
human trials in two years.
COMPANIES: EioHytrid Technologies, Meocrin, Ci
Biomedical

[

Tissue Sciences, Genatech, LifeCell,

M)

saliva glands damaged by diseasa
or radiation. Glands are also being
engineered fo secrete healing
gugs. The technique has proven
peessul in mice,

PAMIES: Mone yet.

URINARY
TRACT
Cartilage cells are
taken from the
patient, packad
into & fimy matrix,
and injected into
akened ureter, whars
bulk up the tissoe
to prevent urinary
p and inconti-
fice. The method
0 late-phese
imical tri
5.

IES:
ifeSciences.

DDER
Doctors at Chil-
dren's Hospital in
Boston have grown
bladders from skin
cells and inplanted
Ltheam in sheep.
They are about Lo try the samea
process on a patienl
COMPAMIES: Foprogenesis,

CARTILAGE
A product is already
on the markat

HEART VALVES, ARTERIES,
AND VEINS

A 10-wezr initiative to build & heart has that regrows knee
just started. Genetically enginesred pros rarlllage A chast
teins have been successfully used to has been grown for

regrow blood vessels & bay and a human

COMPANIES: Crgancgenesis, Advang
Reprogenesis

Bar on a mouse,
COMPANIES: Genzyme Tissus,

Biomalnx, Inlegra LifeSciences,
Advanced Tissue Sciences, ReGen
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Biologics, Osiris Therapaulics

OATH: BLISINESS 'WEES OHUG & WARKET DEVELDPRERT REPORTS

TEETH
Enamal matr
proteins anz
used to fill cavi
ties, It works in
dogs; humar
als are a fow

COMPANIES: Bic
ratories, Creative

Labo
lecUles

BREAST

In preclir

COMmpanie:
been ab
creata a o
e mpple by
ol carlilage

|
insarling a ball
Reasearchers are mow Lrying
grow a whole cosmelic L-r a5l

COMPANIES: Reprogenasis,
Integra LileSciances.

LIVER
A

L sulng} e
bramne it
Lp amd [I £
soidid
cells. Or
size of &«
hawe been grown, but a full-size
liver could take 1O years doe o

1ts complexity.

COMPANIES: Advanced Tissue
Sciences, Human Organ Sci
ences, Crgancgenesis,

SPINAL
CORD
MNERVES

Seienlisl

them along hindegradatile fila
ments and implanting them. Rats
have been made to walk again.

COMPANIES: Acorda. RLer

Generating functional replacements for missing or damaged tissue




Response

Cellular responses characterized by:
Proliferation

Differentiation

Matrix Production

Migration

Programmed Cell Death

Engineering Tissue by Controlling Cellular

Tissue engineering tools:
Scaffolds

Extracellular Matrix Proteins
Growth Factors

Gene Delivery

Achieving this goal requires understanding complex
Signals that drive cellular differentiation and organization
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Skin substitutes

Apligraf (Organogenesis/Novartis)

Dermagraft (Smith-Nephew)

Dermal Regeneration Template (Integra Life Sciences)
Cartilage engineering

Carticel (Genzyme)

Synvisc (Genzyme)
Bone engineering

Smartscrew (Bionx Implants)

CMB401 (Integra Life Science/American Home Products)
Dental tissue engineering

Biomend (Integra Life Sciences)
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CELL BROWTH SYSTEM X Y
e

Over 70 start-up companies total™ o] <
* P comp =="INTEGRA LIFESCIENCES
[Lysaght MJ, Reyes J. Tiss Eng 7, 485-493 (2001)] HoLDINGS CORPORATION

Inaustry needs a measurement infrastructure



From the OCTGT Functional Statement:

[The Office of Cellular, Tissue, and Gene Therapies] plans
and conducts research related to the development,
manufacture, testing, and activities of cellular, tissue, and
gene therapy products, including those related fo AIDS
and those prepared by genetic engineering and synthetic
procedures, in order to develop and maintain a scientific
base for establishing standards designed to ensure the
continued safety, purity, potency and effectiveness of
cellular, tissue, and gene therapy products.



Metrology for Tissue Engineering

Scaffolds \‘ / Cell Response 4\

Materials Cell Assays of

Characterization . Tissue Engineerin i cellular
of properties S0lsaos g g biology

Response Functions mechanisms
\ Composition, Cell lines,
criange;y attachment

roughness, 3D proteins, growth

FS;

[T ..

order, modulus factors
Cellular "\ Improved
Function Reference
Metrology Materials

Couple materials science and cell biology expertise fo prepare
reference materials of varying surface properiies,
cells that signal their functional state, an
maps of cell responses
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Correlating Materials and Biology:
The Deliverables

Materials

Polymeric reference materials to replicate
real processing variables and direct cell response

Reference biomimetic materials to validate indicator
cell response

Indicator Cells

Develop genetically engineered cells for use as
reporters of biocompatibility

Demonstrate use of indicator cells of different
tissue types for rapid screening of biomaterials

Test Patterns and Cell Function Indicators

Correlate cell response to materials properties with
improved measurement methodologies




Gradient Libraries: Spanning Material
Parameter Spaces

Preparation

Composition Gradient
via Flow Coating

Polymer Film
on Temperature
Gradient Stage

a0
=
P g
T 0P

Temperature
—_—

Automated Data
Acquisition

Digitized
Output

Robotic Translation Stage

Informatics

Divide Sample into
Virtual Array

Optimize Cell Size

Process and Analyze
Images

Map Phase
Behavior
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Metrology Chain for Gradient Libraries

Reference cells/ C€||S_&
Defined conditions Materials
Calibrate
—p
Validate Test
C—— —

Using gradient libraries that model manufactured
materials or control cellular response:
-Validate processing techniques.
*Test uncharacterized cells and measure response.
-Calibrate indicator-cell response.

Gradient library methodology with defined cell culture conditions
can be used to validate cells and materials as a part of a complete
metrology chain for tissue engineering.
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The performance of tissue engineered medical products.is.
determined by both materials and processing conditions. Gradient
» libraries are capable of modeling both these parameters.



Automated Microscopy

-Spatially-addressable microscopy
to probe two-dimensional array
*Fluorescent staining used to
selectively image different cellular
components

‘Image analysis software for
quantification of cellular response

ra
=]

84

Cell Population / (0.5625 mm?)

12



13

Crystallinity gradient poly(L-lactic acid) film produced using
temperature gradient.

Osteoblasts cultured for 1, 3, and 5 d.
Proliferation measured with automatic fluorescence microscopy.
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Quantitative Proliferation Data from
Crystallinity Gradient Library

Position

Gradient libraries provide the dependence of cellular
response as a function of material paramefters.
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Scaffold Parameter Space

* Polymer mechanical properties
Polymer surface properties
Polymer degradation kinetics
Local geometry
Characteristic length scales
Anisotropy

Methodologies are needed for measuring cellular response tfo scaffold
structure and material properties.
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Photodetector

OCT /s capable of providing three-dimensional structural information at
micromefter-resolution, even. in highly scattering media.
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Functional Imaging: Coupling Fluorescence
and OCT

Fluorescence image of
stained cells in scaffold

Simultaneous maps of scaffold structure and tissue development.
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Correlating Materials and Biology:
The Deliverables

Materials

Polymeric reference materials to replicate
real processing variables and direct cell response

Reference biomimetic materials to validate indicator
cell response

Indicator Cells

Develop genetically engineered cells for use as
reporters of biocompatibility

Demonstrate use of indicator cells of different
tissue types for rapid screening of biomaterials

Test Patterns and Cell Function Indicators

Correlate cell response to materials properties with
improved measurement methodologies




LWy § Systems Analysis Approach to Cell Biology

Electronics The Black Box
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Nutrients @-— —HB Green Fluorescent Protein

Growth Factors 5_
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Scaffold Materials ®——
Cell-Cell Interactions®~

——M Protein Expression

: ' ——M Cell Shape \ \
e On

Cell-based indicators signal the result of a response to microenvironment. |
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B Indicator Cells for Tissue Engineering

*Indicator Cells will provide a metric for rapidly assessing:

-Cell response to new materials
Effect of materials processing/handling

*Shelf life of materials

*In vitro/In vivo biological response: inflammation,
cell growth, biocompatibility, etc.
-Cell response in 3-D matrices

We will assist the development of TE products by providing indicator
cells that allow real time evaluation of whether cells will proliferate,
differentiate or apoptose when exposed to a new biomaterial.
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Metrology Chain for Indicator Cells

Jicators!

The Metrology Chain

Known materials/

iti : Unknown materials
conditions Calibrate |
—
Validate Test
— ——

Using biomarkers that report cell response:
*\/erify indicator-cell response.
«Calibrate response on reproducible defined materials.
*Test unknown materials and validate response on known materials.

We will establish a metrology chain: NIST-validated markers used with NIST-
validated conditions allows reliable assessment of new biomaterials.




Identify genes, cell type
Procure DNA

Engineer artificial gene

*Verify DNA integrity: DNA
sequencing, restriction enzyme
analysis

Transfect cells
Select clonal populations

*Verify DNA uptake:select for
specific antibiotic resistance

Establish conditions for
gene activation

22

*Confirm gene activation:
Northern and Western blot
analysis, immunohistochemistry

Consultations on biomarkers
# Mark Pittenger, Osiris

# Glen Prestwich, Echelon

# J. Mansbridge, Advanced Tissue Sciences
# Peter Davies, IME UPenn

# Peter Jones, UCHSC

# R. Valentini, Cell Based Delivery

Transfection vectors
" BD Biosciences / Clontech

Verify signaling pathway
# Peter Jones, UCHSC
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Reference

surfaces of
extracellular \
matrix (ECM)
proteins

e Calibrate cell response
Quantitative on known reproducible
fluorescence surface
microscopy

Quantitative measurement of cell indicator response to reference
conditions allows validation of indicator cells in other laboratories.
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Indicator Cells in Practice: Smooth muscle
cell proliferation in response to injury
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Courtesy of Peter Jones, UCHSC

Muscularized Artery

Need for SMC Proliferation Control in TE
*Arterial Implants
-Synthetic Blood Vessels
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Smooth muscle cell ;

selegen Injury, wound healing

MMP production

altered collagen :> g

(denatured)

Tenascin{—) Proliferation{—)Morphology change

Several criteria are evaluated and used to validate the appropriateness and
reliability of an indicator gene.
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Reference Biomimetic Collagen Surfaces
based on Self-Assembly

200 pm
. WHY THIN FILMS based on
self-assembly ?
*Currently no standardization
: o AR SRR N R of ECM surfaces.
o - . i} > 7‘\&‘ ',ﬁ i";“t ‘3"‘» v’&g ,“:",
Denatured Collagen Film Native Collagen Film - -Removes surface
-Thlcknesls— 3.6:0.2 .nm Thickness- 23:1\nm inhomogeneity as a variable.
. : ) A’ \ \
% e - \ Quantitative and
TR RS - \, " | reproducible.
*Could be fabricated in other
N laboratories.
.I"r.
-
1 UHAq) : é - l‘w\‘\

Reference materials will permit better inter-laboratory comparisons of data.




Validating Indicator Cell Response: GFP-
Tenascin Expression

Assume that cell fluorescence S GFP expression & TN expression

Indicator Cell Status: Off Indicator Cell Status: ON
Non-Proliferative Proliferative

B A
i

i/
o

Native Film Off On Denatured Film

Optimization:  Isolation of brighter single cell clones
Degenerate GFP
Transient transfection

27
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Validating Indicator Cell Response:
Quantitative Microscopy

X-Y sample stage
P ; g

Fluérescence; Objective
Microscope Lens
Command Data Output
Image Analysis Cell Area: 3200

Automated quantitative microscopy allows unbiased collection of data from
a statistically relevant number of cells.




Validating Indicator Cell Response:
Morphology and Proliferation

The mean size of SMCs, and the
distribution of sizes, is highly
reproducible on reference surfaces.

Native Film

Denatured Film

Relative Cell Number

Cell Area

Proliferation rate is controlled by
Reference Surfaces

Denatured Film
P——

Native Film

@@~
|
V

Relative cell density

Hours after seeding

I Morphology and proliferation measurements validate indicator cell response
29




A4 Statistics and Population Distributions

OFs!

Cell Area on Collagen Films
< Are these Distributions Similar?

\ . e K-S test |2 test | T-test | F-test

Red & Blue >95% No No >95%

Red & Green| >95% No N N

Blue & Green| >95% No | >95% No

T E
s 3
Téu
50
Z O

K-S = Kolmogorov-Smirnov

Identifying differences between population distributions may require rigorous
statistical analysis
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Correlating Materials and Biology:
The Deliverables

Materials

Polymeric reference materials to replicate
real processing variables and direct cell response

Reference extracellular matrix materials to validate
indicator cell response

Indicator Cells

Develop genetically engineered cells for use as
reporters of biocompatibility

Demonstrate use of indicator cells of different
tissue types for rapid screening of biomaterials

Test Patterns and Cell Function Indicators

Correlate cell response to materials properties with
improved measurement methodologies




Accomplishments

°Development of gradient libraries that
impact cell proliferation.

®Construction and preliminary
validation of GFP-Tenascin indicator

*Molecular biology expertise and
facilities

*Peptide synthesizer set up to
synthesize signaling molecules

*Microscopy methods for quantitative
analysis of cellular response

32

& Accomplishments and Next Steps

Next steps

°*Examine indicator cell response to
polymer gradient materials

°*Optimize TN promoter-GFP indicator
cells

eDevelop new promoter systems (for
inflammation,oxidative damage,matrix
production)

°Incorporate peptides into polymers
and hydrogels to control cellular
response

°Live cell quantitative microscopy
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Accomplishments

*Various cell lines established (bone,
skeletal & smooth muscle, skin, kidney)

®Statistical methods developed for
analyzing cell populations

°Established three-dimensional imaging
methodologies.

®Construction of cell biology
laboratories

*Reference surfaces of collagen
°*Nine manuscripts in press, in

preparation or submitted; 15
presentations made, 10 invited

& Accomplishments and Next Steps

Next steps

°Develop transfection protocols for
other cell types

oValidate utility of parametric and non-
parametric fitting

®Characterize engineered bone and
cartilage

°Investigation of broader range of
cellular responses

*Develop nhew ECM reference surfaces



*f _‘ Building the Infrastructure

Polymers Division infrastructure
* Renovated 2000 ft2 for biomaterial-library preparation, cell biology
and imaging laboratories.
* Expand efforts through hiring staff and post-doctoral associates.

Biotechnology Division infrastructure
* Capitalize on existing thin film fabrication and analysis capabilities.
* Expand capabilities and expertise in molecular and cell biology by
hiring Kurt Langenbach.

34
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Strategic Partnerships

Establish strategic partnerships outside of NIST

Consultation on Gradient Libraries: eNIH (Kenneth Yamada), ® UPenn (Paul
Jamney), ®Integra Life Sciences (Fred Cahn), ® NIH (Rocky Tuan)

Consultation on Biomarkers: Osiris (Mark Pittenger), ®Echelon (Glen Prestwich),
® Advanced Tissue Sciences (J. Mansbridge), ® IME, UPenn (Peter Davies), ® UCHSC
(Peter Jones)

Other collaborations

® Robert Levi, CHOP (chemically modified stents); ® Joachim Kohn, Rutgers (Preparation
of new gradient libraries); ® Richard Spencer, NIH (Characterization of engineered
cartilage); ® Clontech (Specific, high efficiency vectors). ® ReGen Corp (Collagen
structure and function); ® Richard Gross, Brooklyn Polytechnic (High-throughput
investigation of protein adsorption); ® Becton-Dickinson (Extracellular matrix substrates
for comparison testing); ® Leica (Evaluation of serum protein interaction with materials);
ASTM Workshop on Metrology for Cell Signaling ® Development of reference scaffolds
with ASTM involvement

By working with strategic paritners we will provide measurement tools that
inaustry can use to qualify materials, cells, and manufacturing practices




